We investigate the mechanical properties of the oceanic lithosphere using earthquake focal mechanisms from subduction zone outer rises. We study regions where faulting oblique to the pre-existing mid-ocean ridge fabric implies the formation of new faults. The nodal-plane dips of dip-slip earthquakes on these faults are dominantly in the range 30-60 • , with a strong peak concentrated around 45 • . This distribution is inconsistent with the pattern that would result from high coefficients of friction (e.g. 0.6, equivalent to normal faults forming at 60 • and thrust faults at 30 • ). We instead suggest that the observed distribution of dips implies that faults in the oceanic lithosphere have a low coefficient of friction, due to either low-friction clay minerals formed by hydrothermal alteration at the ridge, or due to an intrinsic level of friction that is lower than that suggested by laboratory studies.
Introduction
Early laboratory experiments to determine the coefficient of friction of intact rock (μ -defined as the ratio of the shear and normal stresses on a fault at the point of failure) estimated it to be 0.85 at confining pressures of 200 MPa, and 0.6 at greater confining pressures (Byerlee, 1978) . The extrapolation of these values ('Byerlee's Law'), to geological faults, where the effective coefficient of friction is complicated by uncertainties relating to the possible presence of mechanically weak material along active fault planes (e.g., clays, fault rocks; Saffer et al., 2001; Brown et al., 2003; Collettini et al., 2009) , and to the influence of pore-fluid on perturbing the effective normal stresses experienced by faults. Studies based on borehole measurements have inferred a range of fault friction values, from ∼0.6 (e.g. Zoback and Healy, 1992; Brudy et al., 1997) to 0.3 on mature fault zones (e.g. Lockner et al., 2011) . A number of geophysical studies have suggested that mature or reactivated fault systems may be characterised by effective coefficients of friction possibly as low as 0.1 (e.g., Zoback et al., 1987; Lamb, 2006; Herman et al., 2010; Copley et al., 2011; Middleton and Copley, 2013) . Given the contrasting views currently held, in this paper we aim to shed further light on the issue of fault friction by examining the earthquakes that occur on newlyformed faults at subduction zone outer rises.
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The dip angle at which a given fault plane can be active depends on the orientation and magnitude of the applied stresses, the coefficient of friction of the fault itself (Sibson, 1985) , and its tectonic history (which can lead to rotations about horizontal axes; e.g., Jackson and McKenzie, 1983) . Hence, if we can isolate a population of newly-formed faults with known dip angles, in regions with a simple and relatively well-understood stress field, we can investigate the frictional properties of these faults. In this paper we use a catalogue of dip-slip earthquakes from subduction zone outer rises. Masson (1991) determined that when the orientation of the pre-existing fabric of the oceanic plate is 30 • different from the local strike of the subduction trench, the bending-related faulting at the outer rise will form new faults parallel to the trench, at an angle to the pre-existing fabric. When the pre-existing fabric is <30 • different from the strike of the subduction trench, the bending stresses will reactivate relict structures left from the initial phase of plate formation, rather than breaking new faults. Therefore, by selecting only events with nodal plane strikes parallel to the trench, but oblique to the pre-existing fabric of the downgoing oceanic lithosphere, we can study newly-formed faults, rather than those reactivating the mid-ocean ridge fabric. These faults are the result of extension at the top of the seismogenic layer and compression at the base of the seismogenic layer as the plate bends into the subduction zone (e.g. Chapple and Forsyth, 1979) . Where they have been studied in detail, these faults are known to have accumulated relatively little total displacement (rarely more than a few hundred metres of vertical displacement; Masson, 1991; Kobayashi et al., 1998 minor rotations about horizontal axes and will have an orientation close to that at which they formed. For example, using the expressions of Jackson and McKenzie (1983) , we can estimate that faults dipping at 45-60 • and spaced ∼10 km apart (e.g. Masson, 1991; Kobayashi et al., 1998) will only rotate by <5 • during the accumulation of 500 m of displacement.
In order to investigate the frictional properties of the faults, we must consider the orientation of the local stress field. Here, we make the routine assumption that one of the principal stress directions is vertical, in order to interpret our results in terms of the coefficient of friction on the fault plane (Sibson, 1985; Sibson and Xie, 1998; Collettini and Sibson, 2001 ). In the case of subduction zone outer rises, the vertical stress axis will be either the maximum principal stress (σ 1 ) for normal faults, or the minimum principal stress (σ 3 ) for thrust faults. The assumption of a vertical stress axis is likely to be relatively accurate, because significant deviations are only likely to result from large shear tractions on the base of the lithosphere. Estimates that such tractions are substantially lower than forces being transmitted horizontally through the lithosphere (e.g. Richter and McKenzie, 1978) hence imply that one stress axis will be close to vertical. In the case of the outer rises of subduction zones, there is an additional possibility that one of the principal stresses may be inclined away from the vertical due to the stresses resulting from the bending of the plate into the trench. However, the angle of dip of the oceanic lithosphere in the outer rise and outer-trench slope is typically small (usually 5 • ). The angle of the plate surface is equivalent to the inclination of the bending-related stresses, and so provides a maximum estimate of the deviation of one of the principal stress axes from vertical. The influence of other forces, especially gravitydriven buoyancy forces, means that the deviation from the vertical of one of the principal stresses will probably be less than this 5 • estimate within the outer rise region. We therefore assume that one principal stress is vertical, but note that our interpretations rest upon this assumption. The trench-parallel strikes of earthquake nodal planes in the regions we study imply that the intermediate principal stress is orientated approximately parallel to the trench, and that the final principal stress direction is perpendicular to the trench.
As well as assuming the orientation of the stress field, we also follow previous studies (Sibson, 1985; Sibson and Xie, 1998; Collettini and Sibson, 2001; Middleton and Copley, 2013) in assuming a Mohr-Coulomb yield criterion for the onset of brittle failure. Given that the isotropic part of the stress tensor is compressional, we can discount non-linear relations between the shear and normal stresses at small or negative values of the normal stress (e.g., Griffiths failure). Whilst numerous other formulations for the yield criteria exist, the Mohr-Coulomb criterion remains the most appropriate when assessing the onset of brittle, seismogenic, behaviour at the stress magnitudes relevant to this tectonic setting ( 300 MPa; e.g., Craig et al., in press ). For example, the commonly-used von Mises failure criterion relates to plastic deformation at high stresses, rather than brittle failure in earthquakes.
Observations of earthquake nodal-plane dips
A recent global study (Craig et al., in press ) compiled a catalogue of outer-rise earthquakes with well-constrained source parameters derived from the modelling of seismic body-waveforms (discussed in more detail below). Here, we take a subset of earthquakes from this catalogue, restricted to regions where the preexisting oceanic fabric (parallel to the ridge at the time the crust was formed, and so parallel to isochrons) is oblique to the strike of the trench (see Fig. 1 ). Earthquakes from the catalogue of Craig et al. (in press) with well-determined focal mechanisms that show nodal-plane orientations oblique to the local strike of the trench, suggesting that the bending-related stresses are not dominant, are also excluded, leaving a dataset of earthquakes striking parallel or sub-parallel to the local trench, and oblique to the pre-existing oceanic fabric. These earthquakes (Fig. 1) are therefore likely to represent slip on newly-formed faults in oceanic lithosphere, being formed in close proximity to the subduction zone as a response to the bending of the plate (Masson, 1991) .
The earthquake focal mechanisms presented in Fig. 1 have been determined by the inversion of long-period P-and SH-bodywaves (Craig et al., in press , and references therein), or, for some of the larger earthquakes, by the inversion of the W -phase (e.g. Lay et al., 2010) . The body-waveform modelling was undertaken using routine techniques described in detail elsewhere (e.g., Taymaz et al., 1991; Craig et al., in press ). The accuracy of the focal mechanisms is dependent on the quality of the available data, the coverage of the focal sphere, and the complexity of the earthquake, but the likely errors in the nodal-plane dip estimates are typically ±5-10 • (e.g. Molnar and Lyon-Caen, 1989; Taymaz et al., 1991) . Fig. 2 presents a set of dip sensitivity tests for six outer-rise normal-faulting earthquakes: one from the Philippines, two from the Japan trench east of Honshu, and three from the Tonga-Fiji subduction zone. These events are representative of the others shown in Fig. 1 . In these tests, the dip is fixed at 1 • increments, and the best-fitting source mechanism then calculated by least-squares inversion of the waveform data with all other source parameters (strike, rake, depth, moment and source-time function) free to vary. The shapes of the misfit curves in Fig. 2 give a good indication of how well constrained the dips of the nodal planes are, and dip variations of more than 5-10 • from the best fit result in a significantly worse fit to the data. The accuracy of focal mechanisms determined in this manner is confirmed by comparison in continental settings with independent geodetically-derived solutions (e.g. Copley et al., 2012; Devlin et al., 2012) . In the absence of clear evidence of rupture propagation from directionality in the waveforms, seismologicallyderived focal mechanisms are unable to distinguish between the actual fault plane and its auxiliary, leading to two minima in the misfit curve, corresponding to these two possible fault planes (indicated by the coloured circles in Fig. 2 ). Further uncertainty in dip determination may arise from unmodelled complications in the near-source velocity structure. However, tests to determine the effect of minor variations in structure near the source show that it has little effect on the geometry of the focal mechanism, and mainly influences the source depth (Nelson et al., 1987; Middleton and Copley, 2013) . Fig. 3 presents histograms showing the dip angles of the nodal planes from the earthquakes shown in Fig. 1 . Given the uncertainty over which nodal plane is the actual fault plane, both planes from all earthquakes in Fig. 1 are used in plotting the fault-dip populations in Fig. 3 . Both normal-and thrust-faulting earthquake populations show a range in dip angles concentrated between 30 and 60 • , with a small number of outliers at higher/lower dip angles. This range is consistent with the findings of earlier focal mechanism studies of dip-slip earthquakes from continental regions (e.g. Jackson and White, 1989; Thatcher and Hill, 1991; Sibson and Xie, 1998; Collettini and Sibson, 2001 ). In contrast with an earlier compilation of outer-rise earthquake dips using a smaller catalogue (Thatcher and Hill, 1995) , which showed a peak at 55 ± 6 • , the normal-fault population in our compilation (Fig. 3B) shows a notable maximum at 45 ± 5 • . The difference between these two studies probably results from the larger dataset used in our compilation, and our exclusion of events from outer rise regions where earthquakes are likely to have occurred on reactivated pre-existing structures. Given that the earthquakes we study are generally close to pure dip-slip (Fig. 1) , the concentration around 45 • must reflect the geometries of the actual fault planes and their auxiliaries, rather than the auxiliary planes of higher-or lower-angled events (Fig. 2) , which for pure dipslip events would plot away from 45 • . The population of thrustfaulting earthquakes (Fig. 3C) is too small for any clear trends to emerge, and is not the subject of further analysis in this study. We instead focus on the dip distribution of normal-faulting earthquakes.
The interpretation of nodal-plane dip distributions is complicated by the fact that only half of the data points represent real fault-plane dips (see discussions in Thatcher and Hill (1991) and Middleton and Copley (2013) ). However, given our estimated errors in the nodal plane dip determinations, and the fact that for pure dip-slip events only faults dipping at 45 • can have fault or auxiliary planes with this dip, we can conclude that the distribution in Fig. 3B represents the rupture of faults with dips at, or close to, 45 • , in order to reproduce the observed peak. This distribution of earthquake dips is consistent with the sparse available estimates of outer rise fault dips based on morphological observations. For example, bathymetric estimates of the dip of surficial fault escarpments east of Honshu in the Japan trench give an average dip of ∼38 • (Kobayashi et al., 1998) . However, due to the difficulty of imaging basement faults in oceanic lithosphere, no other estimates are available for comparison with our earthquake results.
Implications for fault friction
Previous compilations of continental dip-slip earthquakes have suggested that normal-fault systems form at ∼60 • , undergo rotation about a horizontal axis during the accumulation of slip on the fault, and then become inactive when the dip reaches ∼30 • . At this point, it is thought to become more favourable to break a new high-angle fault than to continue to move a fault at low dip angles (Thatcher and Hill, 1991; Sibson and Xie, 1998; Collettini and Sibson, 2001) , although Thatcher and Hill (1991) suggested that stress transfer from the ductile lithosphere could also play a role. For a normal fault initiating at a dip of 60 • to be rotated to 45 • requires an extension factor (β -McKenzie, 1978) of ∼1.2 (using the expressions of Jackson and McKenzie, 1983) . Although the top surface of the plate at the outer rise is in extension due to the bending into the subduction zone, the overall strain is low (average extension factors over the bending region of <1.05, from simple kinematic calculations and observations of fault-offsets; Kobayashi et al., 1998; Craig et al., in press ).
Therefore, it is unlikely that the faults at ∼45 • that broke in the earthquakes we have studied have been rotated from 60 • to this dip. The dip distribution we have observed is therefore inconsistent with the normal faults initiating at 60 • , as implied by Byerlee's Law, which in the absence of significant horizontal-axis rotations would result in twin peaks at 60 and 30 • in Fig. 3 (representing the fault and auxiliary planes).
In the case of the outer rise, Thatcher and Hill (1995) suggested that the bending of the lithosphere into the trench could result in the rotation of outer rise faults about a horizontal axis. However, this rotation is typically 5 • over the region failing in earthquakes, as indicated by the change in dip of the seafloor, which implies that the passive rotation of the faults due to this bending is minor. Additionally, it is likely that many of the faults form within the trench-slope region, rather than at the crest of the outer rise, so will have experienced less rotation due to the bending of the lithosphere than implied by the dip of the seafloor. Fig. 4 shows theoretical values for the optimum angle of fault formation as a function of the coefficient of friction (Turcotte and Schubert, 2002) . These curves show the angle at which, for a given coefficient of friction, the ratio of maximum to minimum principal stress required to cause faulting ( Previous observations of faults with low coefficients of friction have suggested that this results from the presence of weak faultrocks along the fault plane, due to either mechanical or chemi- cal alteration of the material through which the fault passes (e.g., Collettini, 2011; Lockner et al., 2011) . Outer-rise faults have been suggested to act as conduits for the penetration of significant volumes of water deep into the oceanic crust and mantle (Ranero et al., 2003) , which would probably result in mineralogical alteration along the penetration pathway, and formation of weak hydrated mineral phases along the fault plane, lowering its coefficient of friction. However, this process would be unable to affect the initial angle of fault formation, only the mechanical properties of existing faults. We must also consider the effect of variations in the pore-fluid pressure on our results. In the case where the coefficient of friction is independent of the normal stress, changes in the pore-fluid pressure are unable to change the optimum angle of failure, only the stress level at which this failure occurs (e.g., Middleton and Copley, 2013) . Hence, whilst the pore-fluid pressure in subduction zone outer rises is unknown, it does not affect our conclusions.
There are two potential explanations for the low coefficient of friction implied by the earthquake nodal plane dips. First, the hydrothermal alteration of the crust during formation at mid-ocean ridges (VanTongeren et al., 2008; Maclennan et al., 2005) could have left a network of weak minerals (e.g. talc, serpentine) that could lower the coefficient of friction of the oceanic crust along planes in many possible orientations, and unrelated to the spreading fabric. This hypothesis requires such hydrothermal alteration to be pervasive throughout the uppermost oceanic lithosphere. New faults forming within the oceanic crust could therefore be doing so in low-friction rocks, resulting in the formation of fault planes at angles close to 45 • . The growth of these faults into the upper mantle as they accumulate displacement could then result in the entire part of the plate in tension breaking along faults dipping at ∼45 • . Alternatively, under geological conditions, the oceanic lithosphere may have an intrinsically low coefficient of friction, inaccurately represented by experimental studies at different pressures, temperatures, fluid compositions, and fluid pressures. With the information we have available, we are not able to distinguish between these possibilities, and are only able to conclude that the coefficient of friction of oceanic crust in orientations not related to the pre-existing spreading fabric is low ( 0.3). It is interesting to note that similar studies of earthquake nodal-plane dips from normal-faulting earthquakes occurring at mid-ocean ridges also show a strong clustering at ∼45 • (Thatcher and Hill, 1995) , perhaps indicating that the rheological control on the angles of fault formation in both settings is the same.
Conclusions
We have presented a dataset of earthquake nodal-plane dip angles for newly formed faults at the outer rises of subduction zones. The observed concentration of the distribution around 45 • is consistent with a scenario in which oceanic lithosphere is either pervasively weak, and governed by a low coefficient of friction, or permeated by low-friction minerals formed during hydrothermal alteration at the mid-ocean ridges.
